To study the developmental origin of the pancreas we used DiI crystals to mark regions of the early chick endoderm: this allowed correlations to be established between specific endoderm sites and the positions of their descendants. Endodermal precursor cells for the stomach, pancreas and intestine were found to segregate immediately after completion of gastrulation. Transplantation experiments showed that region-specific endodermal fates are determined sequentially in the order stomach, intestine, and then pancreas. Non-pancreatic endoderm transplanted to the stomach region generated ectopic pancreas expressing both insulin and glucagon. These results imply that a pancreas-inducing signal is emitted from somitic mesoderm underlying the pre-pancreatic region, and this extends rostrally beyond the stomach endoderm region at the early somite stage. Transplantation experiments revealed that the endoderm responding to these pancreatic-inducing signals lies within the pre-pancreatic region and extends caudally beyond the region of the intestinal endoderm. The results indicate that pancreatic fate is determined in the area of overlap between these two regions.
Introduction
The epiblast segregates during gastrulation to form three germ layers: the endoderm, the mesoderm and the ectoderm. Gut folding then occurs, and early gut endodermal cells are patterned along the anterior-posterior axis to eventually give rise to the respiratory and digestive organs (Grapin-Botton, 2005; Wells and Melton, 2000) .
Previous studies have shown that Pdx1 (pancreatic and duodenal homeobox gene 1) is a regional endodermal marker whose expression marks the dorsal and ventral pancreatic buds and a portion of the stomach and duodenal endoderm (Offield et al., 1996) . Lineage-tracing experiments have revealed that all pancreatic cells derive from Pdx1-expressing precursor cells (Gu et al., 2002) Pdx1 but pancreatic development is arrested at an early stage. This demonstrates that Pdx1 plays a key role in pancreatic differentiation (Offield et al., 1996) . However, Pdx1 is not a pancreas determination factor because ectopic pancreas is not generated when Pdx1 is overexpressed in the pre-stomach or in pre-intestinal regions of the chick embryo (Grapin-Botton et al., 2001) .
Fate maps of the endoderm of the chick embryo during gastrulation have been created using carbon particles (Bellairs, 1957) , radioautographic mapping (Rosenquist, 1971) , quail-chick transplantation (Fontaine and Le Douarin, 1977) and fluorescent dyes . These studies have revealed that the definitive endoderm is derived from the extreme anterior end of the primitive streak, an area known as Hensen's node, that roughly outlines the regions which give rise to the dorsal or ventral gut during the streak stage (Kirby et al., 2003; Lawson and Schoenwolf, 2003; reviewed by Grapin-Botton, 2005) . Kimura et al. (2006) suggested that the presumptive gut endoderm region extends laterally and caudally within the lower layer during Hamburger-Hamilton (HH) developmental stage 4. At this stage the presumptive mid-hindgut and prospective dorsal foregut or lateral foregut reside within the lower layer, whereas the prospective ventral foregut has not yet appeared (Kimura et al., 2006) . In chick embryos at the 18-somite stage (18 ss), radio-ablation studies have shown that the pancreatic anlagen is at a level adjacent to somites 7-15 along the rostrocaudal axis (Le Douarin, 1964a) . Digestive organs in the chick embryo become segregated from other digestive domains at the 15-somite stage (Le Douarin, 1964b; Matsushita, 1996 Matsushita, , 1999 and fate mapping at the equivalent stage in the mouse generally supports the chick data (Tremblay and Zaret, 2005) . More recently, a lineage tracing study using the lipophilic carbocyanine dye DiI (1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethyl indocarbocyanine perchlorate) revealed that dorsal pancreatic precursor cells reside at the level of somites 4-7 in the endoderm layer at 10 ss (HH10, 1.5-day-old) (Matsushita, 1996) . However, the origins of the pre-pancreatic endoderm prior to HH10 have not yet been studied. Activin and bFGF are candidate factors secreted from the notochord that direct dorsal pancreatic morphogenesis at around HH12 in the chick embryo and maintain the expression of early pancreatic genes through the repression of Shh expression (Hebrok et al., 1998) . Because the notochord cannot induce the posterior non-pancreatic endoderm to express pancreatic marker genes, notochord signals are considered to be permissive rather than instructive (Kim et al., 1997) . The dorsal aorta later comes into close contact with the gut endoderm and is assumed to send signals that promote pancreatic differentiation. It is also well known that the dorsal aorta plays an essential role in the development of the dorsal pancreas. Vascular endothelial growth factor (VEGF), a candidate signaling molecule secreted by the dorsal aorta, is known to potentiate insulin expression within the pancreatic endoderm (Lammert et al., 2001) .
In contrast, the ventral pancreas arises at a site away from the notochord and does not require notochord signals for the expression of pancreatic genes. The ventral pancreas differentiates from bipotential progenitor cells in the ventral foregut endoderm. Fibroblast growth factor (FGF) signaling from the cardiac mesoderm induces liver differentiation, while suppression of FGF signaling in the ventral foregut endoderm permits pancreas development. These observations argue that pancreatic development is the default state of the ventral foregut endoderm (Deutsch et al., 2001) .
Because the notochord and dorsal aorta do not induce pancreatic differentiation of dorsal endoderm, and no signals are known that induce pancreatic differentiation of the endoderm, it is tempting to hypothesize that pancreatic fate is determined soon after the completion of gastrulation and during the course of translocation to the pancreatic buds. It is therefore important to determine the origin of pancreatic progenitor cells and to trace the positions of their descendants. This would provide information on when and where they might receive signals from adjacent tissues. Insights into signals inducing the development of pancreatic endoderm and the molecular mechanisms underlying early pancreatic differentiation may offer a route towards the development of regenerative therapies for diabetes mellitus (Kume, 2005a,b; Shiraki et al., 2005 Shiraki et al., , 2008 Yoshida et al., 2008) .
In the present study, a fate map of the pancreas was constructed. Starting from HH5, immediately after the completion of gastrulation, the positions of the descendants were traced using DiI crystals; this technique marks a limited number of cells and allows a high-resolution fate map to be constructed (Kimura et al., 2006) . Transplantation experiments showed that prior to the pancreas/duodenal fate (Pdx1 expression) decision at between 6 ss and 8 ss, stomach fate (Sox2 expression) and intestinal fate (CdxA expression) are determined at around 2 ss and 5 ss, respectively. Moreover, transplantation experiments have revealed that the somitic mesoderm underlying the pre-stomach and the pre-pancreatic endoderm at an early somite stage has Pdx1-inducing activity. Pre-pancreatic or pre-intestinal endoderm cells explanted to the prospective stomach region at 4 ss were found to develop into an ectopic pancreas expressing both insulin and glucagon. Finally, HH5 lateral endoderm explanted to the prospective pancreas region at 4 ss also developed into insulin-and glucagon-expressing ectopic pancreas. These results suggest that the somitic mesoderm underlying the pre-stomach can instruct non-pancreatic endoderm to adopt a pancreatic fate.
We therefore conclude that the prospective pancreatic region is defined by intrinsic cues which, as early as 4 ss, confine the sensitivity of the endoderm to extrinsic pancreaticinducing signals emitted from the underlying mesoderm layer. This developmental definition takes place prior to notochord signaling and represents the earliest fate determination event so far known.
Results

Construction of a fate map for dorsal pancreatic precursor cells from HH5 to HH24
We constructed a fate map of late gastrula cells contributing to the dorsal stomach, pancreas and intestine. Because embryos do not survive long-term culture in vitro, we first mapped cell fates between HH5 and 10 ss and then from 10 ss to HH24 when organs can be distinguished. Cell labeling with DiI crystals permitted the marking of a small number of cells and this allowed the construction of a high-resolution fate map ( Supplementary Fig. 1A and B) . A schematic diagram of the experiment is presented in Fig. 1A . Embryos were labeled with DiI crystals at specific regions in the endodermal layer and time-lapse images were recorded (Fig. 1A) . A previous study used DiI solution to show that endodermal cells at 4-to 7-somite levels at 10 ss contribute to the dorsal pancreas (Matsushita, 1996) . We used whole-mount in situ hybridization to confirm that Pdx1 is expressed at the 4-7 somite level at 10 ss ( Supplementary Fig. 1C and D) . Because DiI solution was used in the previous study ( Matsushita, 1996) , where dye diffusion results in the labeling of a comparatively wide region of cells, to confirm these findings we used DiI crystals for lineage tracing at the 4-7 somite level (Fig. 1B-1-B-5 ). This revealed that the descendants of these cells translocated in a posterior direction and were observed at the 7-to 10-somite level at 17 ss ( Fig. 1B-2) , at the 10-somite level at 25 ss ( Fig. 1B-3 ), and at the 11-somite level at 31 ss ( Fig. 1B-4 ), before finally arriving at the dorsal pancreatic bud viewed at HH 24) . We also used DiI to confirm that endodermal cells at the 1-to 3-somite levels translocate to the stomach and that endoderm at the 8-to 10-somite levels translocates to the intestine at 10 ss (Supplementary Fig. 2A-F ). In addition, double labeling with DiI and DiO (3,3 0 -dioctadecyloxacarbocyanine perchlorate) revealed that the cells in the midline translocate faster than lateral cells (Supplementary Fig. 1E and F).
To determine the exact site at which dorsal pre-pancreatic endoderm cells first arise, endodermal cells at HH4 or HH5 were marked and traced up to 10 ss. Cells on the primitive streak were intentionally excluded because the endodermal layer is very thin in this region and it is difficult to label endodermal cells without marking adjacent layers. At HH4, labeled cells contributed rostrally and caudally and extended to a wide region along the midline (Fig. 1C-1 and C-2) suggesting that the pre-pancreatic endoderm has not yet been segregated. However, approximately 3 h later at HH5, cells derived from specific sites contributed to the level of the somites and were observed to translocate to the pre-stomach (Fig. 1D-1 and 1D-2), pre-pancreatic ( Fig. 1E-1 and 1E-2) or pre-intestinal endoderm ( Fig. 1F-1 and F-2).
The results of fate-tracing at HH5 are summarized in Fig. 1G : the prospective stomach, pancreatic, intestinal endoderm regions are indicated, respectively, by blue, pink or green coloration. Because of the differences in sizes among the embryos used, we defined ''W'' as the width of the streak at HH5 (Fig. 1G ) and normalized the position of the endoderm cells to this value. For example, cells residing within 0.5 W laterally and extending 1 W caudally from the node were destined to form the pre-pancreatic region, i.e., the endoderm at the 4-to 7-somite level at 10 ss ( Fig. 1E-1 , E-2 and G).
The locations of the descendants of the pre-stomach, prepancreatic or pre-intestinal regions from HH5 until 10 ss were monitored by time-lapse photography of DiI-labeled embryos. Typical images of labeled pre-pancreatic cells at the indicated time points are shown in Fig. 1H -1-H-5, revealing that DiImarked cells gradually translocate in a caudal direction. The results are summarized in Fig. 1I : endodermal cells contributing to the pre-stomach, pre-pancreatic, or pre-intestinal regions are respectively shown by blue, pink or green dots.
These results demonstrate that stomach, pancreatic and intestinal precursor cells segregate from each other as early as HH5 (Fig. 1G ) and their descendants translocate caudally along the routes shown in Fig. 1I to reach their final destinations.
2.2.
The pancreatic endoderm is determined between 6 ss and 8 ss, the stomach endoderm by 2 ss, and the intestine by 5 ss
RT-PCR analysis showed that the dorsal pre-pancreatic endoderm, revealed by the above fate maps (Fig. 1I ), begins to express Pdx1 at 4 ss (data not shown). To study the differentiation potential of the precursor cells and to gain insights into the inductive signals, precursor cells were excised and grafted into host embryos at various stages based on the fate maps and the inferred routes of translocation (Fig. 1I ). These were cultured until around 20 ss. To study the timing of fate determination of the pre-stomach endoderm, this was explanted caudally into the pre-pancreatic region or the pre-intestinal region. The site of the pre-stomach endoderm was defined in accordance with the above fate maps ( Fig. 1I and Supplementary Fig. 2A -C). Although Sox2 expression was also detected in more rostral regions of endodermal including the esophagus in addition to stomach, we used Sox2 here as an early stomach region marker gene. When the pre-stomach endoderm at 4 ss was grafted caudally into the 4 ss pre-pancreatic region, expression of Sox2 was maintained while Pdx1 expression was not activated (Table 1) . Similarly, when donors at 2 ss were grafted caudally into the 2 ss pre-intestinal region, and the explanted embryo cultured until 17 ss, the graft maintained Sox2 expression ( Fig. 2A-D) . Moreover, when donors at 2 ss were grafted caudally to the lateral region, and later translocated to the 10 s level at 17 ss where strong expression of the early intestine marker gene CdxA could be detected, the graft maintained Sox2 expression and did not activate CdxA expression ( Supplementary Fig. 3A -H and Table 1 ). Similarly, when transplanted to a more caudally region, the graft also maintained Sox2 expression (Supplementary Fig. 3I -L and Table 1 ). These results indicate that fate determination of the rostral endoderm (pre-stomach endoderm) occurs prior to 2 ss.
When pre-intestinal endoderm at 5 ss was grafted rostrally into the 5 ss pre-pancreatic region and the embryo cultured until the 18 ss, Pdx1 expression was not activated ( Table 1 ). These data demonstrate that the preintestinal endoderm is already determined by 5 ss.
Finally, when pre-pancreatic endoderm at 6 ss ( Fig. 2M and N) was grafted caudally into the pre-intestinal region of host embryos at the same developmental stage and then cultured until around 20 ss, the graft did not maintain the expression of Pdx1 ( Fig. 2O and P, yellow arrows). However, when the pre-pancreatic endoderm at 8 ss ( Fig. 2Q and R) was grafted, Pdx1 expression was maintained ( Fig. 2M -S, yellow arrows; Table 1 ). This demonstrates that pancreatic fate is irreversibly determined by 8 ss, and before then 6 ss the pre-pancreatic endoderm fate remains plastic and can be redetermined to an intestinal fate. As a control, pre-pancreatic endoderm was grafted into the pre-pancreatic region at 6 ss, here Pdx1 expression was maintained (Table 1) .
These results argue that endodermal fate is determined sequentially in the order stomach, intestine, and then pancreas.
2.3.
Somitic mesoderm underlying the pre-pancreatic and pre-stomach endoderm exhibits pancreas-inducing activity RT-PCR analysis demonstrated that the pre-intestinal endoderm does not express Pdx1 at 4 ss (data not shown) and transplant experiments showed that pre-intestinal endoderm is committed to express CdxA at 5 ss (Fig. 2I-L and Table  1 ). The pre-intestinal 4 ss endoderm was then used in graft experiments. When the pre-intestinal endoderm at 4 ss was grafted into the pre-pancreatic region at 4 ss (Fig. 3A-D Table 1 ) and the explanted embryos were cultured until around 19 ss, the grafts expressed Pdx1 (Fig. 3D and H) . These results suggest that the somitic mesoderm underling the pre-pancreas endoderm at 4 ss and 8 ss has Pdx1-inducing activity and the intestinal endoderm at 4 ss can respond to this signal.
During this period the dorsal pre-stomach, pre-pancreatic and pre-intestinal endoderm lie adjacent to the somitic mesoderm, but not to the lateral mesoderm; the somitic mesoderm is therefore presumed to emit inductive signals. A previous study revealed that the posterior stomach has the potential to generate an ectopic pancreas, although this is a rare event (Mulholland et al., 2004) . Therefore, the somitic mesoderm underlying the pre-stomach endoderm at the early somite stage may show pancreas-inducing activity. To explore this possibility we transplanted 4 ss pre-intestinal endoderm rostrally to the pre-stomach region at the same stage; explanted embryos were cultured for 2 days until HH 19 before analysis (Fig. 3I-L) . Whole-mount in situ hybridization showed that the graft expressed Pdx1 (data not shown). RT-PCR analysis revealed that the ectopic pancreas in the stomach region derives from pre-intestinal endoderm Endoderm cells at the 4-7 somite levels, were marked with DiI crystals. DiI-marked cells translocated to the 7-10 somite level at the 17 ss (B-2), to the 10-somite level at the 25 ss (B-3), stayed at around the 10-somite level at the 31 ss (B-4). The gut of the DiI marked embryo was dissected out at HH 24 (B-5). The dorsal pancreas but not the stomach or intestine was specifically marked by DiI. Yellow arrows show the endodermal cells marked by DiI crystals (B-2-B-4), or the dorsal pancreatic bud (B-5). (C-1-F-2) Images of DiI marked embryos immediately after marking (C-1, D-1, E-1 and F-1). An embryo marked with DiI at HH 4 (C-1), or marked in the pre-stomach region at HH 5 (D-1), marked in the pre-pancreatic region at HH 5 (E-1) or in the pre-intestinal region at HH 5 (F-1). Images of DiI marked embryos at the 10 ss (C-2, D-2, E-2 and F-2). The DiI-marked cells translocated to the pre-stomach region at the 1-3 somite level (D-2), the pre-pancreas region at the 4-7 somite level (E-2) or the pre-intestine region at the 8-10 somite level (F-2). (G) Fate map at HH 5. The dots indicate DiI-marked cells. Blue, pre-stomach region; Pink, pre-pancreas region; Green, pre-intestine region. (H-1-H-5) A typical translocation route of the pre-pancreas cells is shown. The prepancreatic region was marked by DiI crystals at HH 5 and is shown at HH 6 (H-1), 1 ss (H-2), 4 ss (H-3), 7 ss (H-4) or 10 ss (H-5). (I) Summary of the time lapse observation from the 1 ss to the 10 ss is shown. Blue, pre-stomach; Pink, pre-pancreas; Green, pre-intestine; sto, stomach; pan, pancreas; int, intestine. Yellow arrows indicate the DiI-marked cells. ss, somite stage; s, somite level. (C-2, D-2, E-2 and F-2) 1 to 10 indicates the somite level.
b Table 1 -A summary of the transplant experiments. The stages of the donors or hosts and the regions used for transplantation are indicated. The transplanted embryo was cultured until about from the 17 ss to 20 ss or HH 19 (when insulin and glucagon were checked). The probes used in the whole-mount in situ hybridization were: Sox2, Pdx1, CdxA, Foxa2, for the detection of stomach, pancreas, intestine and pan -endoderm and in in situ hybridization on sections were: insulin, glucagon, for the detection of pancreas, respectively. +, expressed in the graft; À, not expressed in the graft; n/N, number of results observed/number of experiment; ss, somite stage. * expressing insulin and glucagon ( Fig. 3M and Table 1 ). Immunohistochemical staining also revealed that DiI-stained ectopic pancreas derives from pre-intestinal endoderm in the stomach that expresses both insulin and glucagon (K.K., unpublished).
2.4.
Somitic mesoderm underlying the pre-stomach region can induce pre-pancreatic endoderm to adopt a pancreatic fate
To test the possibility that the somitic mesoderm underlying the pre-stomach region has pancreas-inducing activity, pre-pancreatic endoderm at 5 ss, that does not express Pdx1 ( Fig. 2M-P) , was grafted rostrally into the pre-stomach region at the same stage and cultured until 18 ss. Whole-mount in situ hybridization showed that the graft maintains Pdx1 expression (Fig. 4A-D and Table 1 ). This result suggests that the somitic mesoderm underlying the pre-stomach endoderm can sustain pancreatic endoderm differentiation. Pre-pancreatic endoderm cells must therefore receive signals inducing and maintaining pancreatic differentiation before they reach their final destination (Fig. 1H-I ).
To investigate the activity that maintains the differentiated state of the pancreas, 8 ss pre-pancreatic endoderm, which has a determined pancreatic fate, was grafted into the 8 ss pre-stomach region (Fig. 4E-H) . The grafted embryo was cultured for 3 days until HH21 before analysis (Fig. 4G) . Immunohistochemistry revealed that pancreatic endocrine markers such as insulin are expressed in the ectopic pancreatic bud (Fig. 4H) . When the pre-pancreatic endoderm was grafted caudally into the pre-intestinal region, a smaller pancreatic bud-like structure was formed (data not shown) perhaps due to exposure to posteriorizing signals.
2.5.
Somitic mesoderm underlying the pre-stomach region can instruct non-pancreatic endoderm to adopt a pancreatic fate
We then investigated the inductive effects of somitic mesoderm underlying the pre-stomach endoderm on nonpancreatic tissue at early somitic stages. We used the lateral endoderm at HH5 as a graft in order to confirm that somitic mesoderm underlying the pre-stomach endoderm has pancreas-inducing activity. It was previously reported that when HH5 lateral endoderm fated to express CdxA is explanted to a more rostral region at the same stage, the grafts are induced to express the rostral endoderm maker gene Sox2 (Kimura et al., 2007) . To confirm that the HH5 lateral endoderm consists of undifferentiated cells, this region was transplanted to the stomach region according to the fate map in Fig. 1G ( Fig. 5A and B) ; Sox2 expression was analyzed by wholemount in situ hybridization. This revealed that the graft (lateral endoderm) expressed Sox2 (Fig. 5C, D and Table 1) , and indicates that the lateral endoderm at HH5 remains undifferentiated. Lateral HH5 endoderm was then explanted to the 4 ss pre-stomach region ( Fig. 5E and F) ; embryos were cultured for 2 days until HH19 (Fig. 5G and H) and then analyzed for insulin and glucagon expression. This revealed that the lateral endoderm graft expressed insulin and glucagon in the stomach region ( Fig. 5H ; H 0 -1 through H 0 -4 are adjacent sections).
Endogenous expression of insulin and glucagon in the pancreas was also detected more caudally in the unclosed gut region (Fig. 5H 00 -1-H 00 -2). These results strongly support the hypothesis that the somitic mesoderm underlying the pre-stomach endoderm at early somitic stages is able to induce and consolidate pancreatic differentiation.
Discussion
A novel model for pancreatic fate determination
We have determined the origin of the progenitor cells in the definitive endodermal layer that gives rise to the prospective stomach, pancreas and intestine. This work has revealed for the first time the origin and translocation routes of the pancreatic precursor cells. The regions that emit pancreaticinducing signals and the developmental potential of the endodermal cells responding to these signals have also been defined. We report that the mesoderm underlying the prestomach or pre-pancreatic mesoderm at the early somitic stage can instruct pre-pancreatic and non-pancreatic endoderm to adopt a pancreatic fate. An ectopic Pdx1 was detected in the stomach region when 5 ss pre-pancreatic endoderm, not yet committed to Pdx1 expression, was grafted rostrally into the pre-stomach region at the same stage (Fig. 4A-D) ; the same outcome prevailed when 8 ss pre-pancreatic endoderm was grafted rostrally into the pre-stomach region (Fig. 4E-H) . When the lateral endoderm at the HH 5 was grafted rostrally into the pre-stomach region at 4 ss, ectopic pancreas expressing insulin and glucagon was generated in the stomach region (Fig. 5E-H 0 -4). The finding that pre-intestinal (non-pancreatic) endoderm can adopt a pancreatic fate when transplanted rostrally into the pre-stomach region sug- gests that the molecular characteristics of the intestine resemble those of the pancreatic endoderm at early somite stages ( Fig. 3I-M ). This hypothesis is further supported by the fact that conversion from a pancreatic to a duodenal fate occurs in Ptf1a knockout mice (Kawaguchi et al., 2002) . A model for the regional signaling that induces pancreatic development is presented in Fig. 6A . Pancreas-inducing signals reside within the pre-pancreatic region extending rostrally beyond the stomach endoderm region (Fig. 6A, beige) , while the endoderm responding to pancreas-inducing signals lies within pre-pancreatic region and extends caudally beyond the intestinal endoderm region (Fig. 6A, pastel pink) . Commitment to a pancreatic fate takes place in the overlap area between these two regions (Fig. 6A, pink) . The model also indicates that, during early endoderm regionalization, the pre-stomach endoderm at 2 ss is committed to express Sox2. The pre-intestinal endoderm is then committed to express CdxA at 5 ss and, finally, pre-pancreatic endoderm is committed to express Pdx1 at 8 ss. These results indicate that early endoderm regionalization initiates from both the rostral and caudal regions of the pancreas and that the early prepancreatic territory is passively rather than actively defined (Fig. 6B) .
Previous grafting experiments showed that ventral endoderm from posterior regions grafted rostrally maintains its gene expression identity, but endoderm grafted caudally is reprogrammed by the posterior tissues (Kimura et al., 2007; Kumar et al., 2003) . The grafts used by Kumar et al. located laterally to the 7-9 somites levels and were described as ventral pancreas (Kumar et al., 2003) . However, we have found that endoderm lateral to the 7-9 somite level contributes not to the ventral pancreas but instead to the intestine and to part of the dorsal pancreas, and that the ventral pancreas precursor at 17 ss is located in the lateral region at the 4-somite level (K.M., unpublished). Some grafts used by Kumar et al. were dorsal pancreas (or the intestine) grafted rostrally to the ventral pancreas, or more posterior lateral endoderm grafted to the dorsal pancreas (or the intestine); these results therefore do not conflict with our data. Kimura et al described grafting HH8 (4 ss) rostral endoderm posteriorly, or the midhindgut endoderm rostrally, and here the endoderm located laterally to the somite. The posteriorly grafted presumptive foregut endoderm expressed CdxA but not Sox2, whereas anteriorly grafted presumptive mid-hindgut endoderm expressed the posterior marker gene CdxA but not Sox2 (Kimura et al., 2007) . These observations may in part be explained by our hypothesis regarding inductive signals and the responding potential of the endoderm. The discrepancies between the studies may be attributed to differences in the regions used by Kumar et al. and Kimura et al. , where a more lateral endoderm (ventral endoderm) was explanted and grafted to a more ventral and caudal position than in the present study. The grafts may therefore have been exposed to more posteriorizing signals than in the present study. Moreover, Kumar et al. employed a wide range of embryonic stages (from ss 5 to 15) and the culture period was greater than in the present report. Rare cases have been described in the clinical literature where the posterior stomach generates an ectopic pancreas. However, no detailed analysis was performed. Percival et al.
previously showed that growth was promoted when the specified pancreatic epithelium at E11.5 was combined with stomach mesenchyme (Percival and Slack, 1999) . The detailed studies reported here now permit interpretation of these previous observations.
3.2.
An instructive signal initiating pancreatic differentiation
We report for the first time that the mesoderm underlying the pre-pancreatic endoderm and pre-stomach endoderm at the early somitic stage has pancreatic-inducing activity and can instruct both pre-pancreatic and non-pancreatic endoderm (i.e. pre-intestinal endoderm and the undifferentiated lateral endoderm) to adopt a pancreatic fate.
No signals have yet been described that induce pancreatic differentiation. The notochord factors Activin and bFGF are permissive rather than instructive signals as they do not induce Pdx1 expression in non-pancreatic endoderm (Hebrok et al., 1998; Kim et al., 1997) . It was previously reported in Xenopus that pre-pancreatic endoderm must remain in contact with mesoderm in order to express Xlhbox8 (Horb and Slack, 2001) , while differentiated pancreas but not stomach was produced when epithelium from E11.5 dorsal pancreatic buds was combined with stomach mesenchyme (Percival and Slack, 1999) . These results suggest that stomach mesenchyme is able to support the growth of the pancreatic epithelium, suggesting a permissive rather than instructive effect. Dessimoz et al. reported that FGF signaling can act as a posteriorization signal in early endoderm. FGF4 beads cause an anterior shift in the expression of the posterior endoderm maker gene Pdx1 at HH4 and furthermore inhibit the expression of the anterior endoderm maker gene Hex1 at HH 3+; in both mouse and chick FGF4 can induce a pancreatic fate in more rostral tissue (Dessimoz et al., 2006; Wells and Melton, 2000) . On the other hand, dorsal endoderm from the somite stage embryo weakly expresses Pdx1 in the presence of low FGF2 concentrations (Hebrok et al., 1998) whereas FGF treatment does not elicit Pdx1 expression in the lateral endoderm (Kumar et al., 2003) . Similarly, notochord was unable to induce the expression of pancreatic maker genes in the posterior endoderm at the somite stage (Kim et al., 1997) . The role of FGF signaling in development of early dorsal and ventral pancreas remains unclear.
3.3.
Stepwise inductive signals from the mesoderm are required for pancreatic development Retinoic acid treatment or FGF receptor over-expression can lead to ectopic expression of insulin and Pdx1 in the foregut endoderm (Dessimoz et al., 2006; Stafford et al., 2006) . Although earlier reports suggested that foregut mesoderm can induce pancreatic differentiation, the present study has pointed to the origin and translocation routes of pancreatic precursor cells. This study has also defined the regions emitting pancreas-inducing signals and the potential of endodermal cells to respond to these signals. The model implies that the pre-stomach region is determined at an early stage, and the endoderm is not competent to respond to pancreasinducing signals from the rostral somitic mesoderm. Mechanisms of the pancreas development in the early endoderm. The endoderm competent to respond to the pancreas-inducing signals lies within the pre-pancreas endoderm and expands caudally beyond the pre-intestine endoderm (pastel pink). Mesoderm which has pancreasinducing signals lies within the pre-pancreas region and expands rostrally beyond the pre-stomach region (beige). The pancreas region is then generated in the overlapping region (shaded pink) of the two regions (pastel pink and beige). Blue, stomach region; Green, intestine region. (B) Timeline of the endoderm patterning. The pre-stomach endoderm (Sox2 expression) is first determined, then the pre-intestine endoderm (CdxA expression) and finally the pre-pancreas endoderm is determined (Pdx1 expression). The early endoderm regionalization initiates from both the rostral and caudal region of the pancreas and then the early pre-pancreatic territory is passively but not actively defined. sto, stomach; pan, pancreas; int, intestine.
It was recently reported that the organizer factors Chordin and Noggin can induce Sox2 expression in early chick endoderm (Matsushita et al., 2008 ). Hensen's node therefore plays a key role in stomach endoderm determination and the prestomach endoderm may receive stomach-inducing signals from the node. On the other hand, the pre-intestine endoderm before 4 ss is competent to respond to pancreas-inducing signals. However, pancreas-inducing signals are absent from the caudal somitic mesoderm at 4 ss. Pancreas therefore cannot be generated in the intestinal region. Pancreas-inducing signals at the early somite stage are emitted from the somitic mesoderm underlying the pre-stomach and pre-pancreatic endoderm, but not from the pre-intestinal endoderm. The pre-pancreatic and pre-intestinal endoderm, but not prestomach endoderm, is sensitive to pancreas-inducing signals in the early somite stage.
The ''sliding'' between the endoderm and the mesoderm layer in the early embryo is likely to be crucial for pancreatic fate determination (Fig. 6A) . A general posterior sliding was described previously for the endoderm relative to the mesoderm and for the mesoderm relative to the neuroectoderm. Le Douarin showed that carbon particles put through the three germ layers at the level of somite 2 end up in the neck in the neural tube, at the level of the larynx in the mesoderm and more posteriorly in brunchi in endoderm (Le Douarin, 1964a,b; Grapin-Botton, 2005) . At a cellular level, ''sliding'' can be interpreted as the translocation of endodermal cells. The translocation of endoderm cells in close contact along the mesoderm cell layer is crucial for the cells to receive signal from the mesoderm (Fig. 6A) . This is the first report of a fate decision determined during migration through a signaling center.
Our results indicate that pre-pancreatic endoderm first receives pancreas-inducing signals from the underlying somitic mesoderm and responds by expressing Pdx1 as early as 4 ss (RT-PCR analysis, data not shown). Later, at around HH12, the pre-pancreas endoderm now expressing Pdx1 receives permissive signals including activin and FGF from the notochord (Hebrok et al., 1998; Kim et al., 1997) . In turn, permissive signals are received from the dorsal aorta (one possible candidate is VEGF) (Lammert et al., 2001 ) and this leads to differentiation of the pre-pancreas endoderm. Pre-stomach and pre-intestinal endoderm are not competent to respond to the permissive signals from the dorsal aorta because these do not receive pancreas-instructive signals from the somite or the subsequent permissive signals from the notochord. The pancreatic territory is thus defined by stepwise induction and maintenance signals.
4.
Experimental procedures
Embryo culture
Fertilized white leghorn chicken eggs were incubated at 38°C in a humidified incubator and staged according to Hamburger and Hamilton stage (Hamburger and Hamilton, 1951) . In the lineage tracing experiment, the embryos were explanted in Pannett-Compton saline using a modified version of the New culture method (Stern and Ireland, 1981) . In the transplant experiment, embryos were explanted and cultured similarly with ventral side up on 35-mm dish coated with the agar-albumin (0.3% agar, 62.5 mM NaCl, 0.75% glucose, 50% albumen) supported by a filter paper ring (Sundin and Eichele, 1992) .
4.2.
Labeling of definitive endoderm layer using DiI and DiO Microcrystals of the carbocyanine dye DiI (1,1-dioctadecyl-3,3,3 0 ,3 0 -tetramethyl indocarbocyanine perchlorate; DiI-C18; Molecular Probes) were prepared as previously described (Kimura et al., 2006) . A DiI crystal was placed onto the definitive endoderm layer. Fifteen minutes later, the DiI crystal was removed using a fine tungsten needle. The embryos were then incubated at 38°C in a humid chamber until the desired stage. Images of the labeled embryos were taken immediately after labeling and subsequently at HH 4 to HH 10.
Transplantation experiments
Cells in small regions of the definitive endoderm layer and pre-stomach, pre-pancreas and pre-intestinal endoderm layer as described in the text were labeled by applying a solution of DiI (0.5% DiI in ethanol, diluted 1:10 in 0.3 M sucrose) using air pressure from a micropipette. The lateral endoderm layer from donor embryos at HH 5 were dissected from the underlying mesoderm using a 27-gauge medical needle as described (Kimura et al., 2007) . The endoderm layers from 2 ss to 10 ss were isolated from the underlying mesoderm using type 1 collagenase treatment (Worthington Biochemical Corporation, Lakewood, NJ, USA; Code CLS1, 0.03% in Pannett-Compton saline) for 2, 4, 6, 8 or 10 min for 2, 4, 6, 8 or 10 ss embryos, respectively. The endoderm layers were peeled off of the mesoderm using a fine tungsten needle, then grafted homoor hetero-topically and homo-or hetero-chronically into host chick embryos and then were cultured to reach 17 ss.
RT-PCR analysis
Total RNA was prepared from the explants by using an RNeasy Micro kit (No. 74004 OIAGEN) and treated with DNase, reverse-transcribed using Rever Tra Ace (TOYOBO) and oligo dT primers (TOYOBO). The cDNA was normalized by measuring the PCR products of b-tubulin using a Gel logic 200 Imaging system (Kodak). The primer pairs and reactions conditions are described in Supplementary Table. 4.5.
In situ hybridization
Embryos were fixed, replaced with 30% sucrose and embedded in an OCT compound (Sakura Fine technical Co.). In situ hybridization with digoxigenin-labeled probes was performed on 10 lm frozen sections as described by Ishii et al. (1998) , after recording the DiI fluorescence photographically. Whole-mount in situ hybridization was performed as previously described (Shimamura et al., 1995) .
Immunohistochemical analysis
The explanted embryos were embedded in OCT compound and were cut into 10 lm frozen sections. The insulin expres-sion was detected by guinea pig anti-insulin (DakoCytomation). The secondary antibodies used were biotin-conjugated anti-guinea pig antibodies. The immunoPure ABC Kit (PIERCE) and TSA system (Perkin-Elmer) were used for the amplification of the signals. The cells were counterstained with DAPI (Roche).
